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Mutant p53 is a transcriptional co-factor that
binds to G-rich regulatory regions of active genes
and generates transcriptional plasticity
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The molecular mechanisms underlying mutant p53 (mutp53) “gain-of-function” (GOF) are still insufficiently understood,
but there is evidence that mutp53 is a transcriptional regulator that is recruited by specialized transcription factors. Here
we analyzed the binding sites of mutp53 and the epigenetic status of mutp53-regulated genes that had been identified
by global expression profiling upon depletion of endogenous mutp53 (R273H) expression in U251 glioblastoma cells. We
found that mutp53 preferentially and autonomously binds to G/C-rich DNA around transcription start sites (TSS) of many
genes characterized by active chromatin marks (H3K4me3) and frequently associated with transcription-competent RNA
polymerase Il. Mutp53-bound regions overlap predominantly with CpG islands and are enriched in G4-motifs that are
prone to form G-quadruplex structures. In line, mutp53 binds and stabilizes a well-characterized G-quadruplex structure
in vitro. Hence, we assume that binding of mutp53 to G/C-rich DNA regions associated with a large set of cancer-relevant
genesis an initial step in their regulation by mutp53. Using GAST and HTR2A as model genes, we show that mutp53 affects
several parameters of active transcription. Finally, we discuss a dual mode model of mutp53 GOF, which includes both

stochastic and deterministic components.

Introduction

The 7P53 gene encodes a versatile cellular regulator, p53,!
involved in transcriptional control of a large set of target genes
associated with cell cycle arrest, apoptosis, metabolism and dif-
ferentiation.? Loss of normal p53 function in various cellular
contexts is both a prerequisite for, and a path leading to, tumor
outgrowth. In tumors, p53 function is inactivated by mutations in
the 7P53 gene with a frequency varying between 5% and 50%,
depending on tissue origin.* About 74% of 7P53-mutated tumors
harbor missense-point mutations that result in a high-level expres-
sion of mutant p53 (mutp53), which is usually localized in the
nucleus.> Missense mutations are most frequently located in the
DNA-binding domain (e.g., at the “hotspot” amino acid posi-
tions R175, G245, R248, R249, R273 and R282) that is respon-
sible for sequence-specific binding of p53 to regulatory regions of
target genes. Hence, mutp53 has lost the specificity of wild-type
p53 (wtp53) and thus its tumor-suppressive functions. Mutp53,
however, has retained the capacity of wtp53 to interact with DNA
in a structure-specific fashion.? It by now is widely accepted that
at least some mutp53 proteins in tumor cells are functional and

exert an oncogenic potential termed “gain-of-function” (GOF).>¢
Expression of mutp53 increases drug resistance’ and enhances the
potential for the outgrowth of singularized cells.® Furthermore,
mutp53 promotes the transition from an epithelial to a mesenchy-
mal differentiation state,” a process that is functionally linked to
invasive growth and metastatic dissemination,'’ and the generation
of a cellular subset that behaves like cancer stem cells (CSCs) within
epithelial tumors."! These data provide a link between stem-like
properties of tumor cells and mutp53 function. Similar to normal
stem/progenitor cells, CSCs are able to self-renew, and although
genetically and epigenetically flawed, they retain the potency to
repopulate the distinct cellular phenotypes within the tumor. This
property of CSCs requires transcriptional plasticity, reminiscent of
the transcriptional competence of differentiation-related genes in
embryonic stem cells.'* Considering the diverse effects of mutp53
on transcription’ and the diverse phenotypic consequences of
mutp53 expression, promoting transcriptional plasticity in tumor
cells emerges as a major feature of mutp53 GOF. Consequently,
mutp53 is involved in the regulation of a large number of genes,
thereby creating the need for genome-wide analyses to investigate
mutp53 functions as a transcriptional regulator.
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Despite recent efforts to identify transcriptional targets of
mutp53 and to explore the mechanism underlying gene regu-
lation by mutp53, either expressed endogenously or ectopi-
cally in p53-null cells, the emerging picture is still blurry. The
mechanism of mutp53 activity appears to be very heteroge-
neous and strongly dependent on the biological context.>® This
can be attributed to the diversity of mutant p53 species and to
heterogeneity of the genetic background, but can also be ascribed
to the interdependence of transcriptional functions of mutp53
with various, context-dependent signaling pathways. Currently
a scenario is favored in which mutp53 takes advantage of the
diverse protein-protein interactions inherent to the wtp53 pro-
tein and regulates transcription of genes in an indirect fashion.
Via interactions with other TFs, mutp53 exerts either coopera-
tive or counteracting effects on their target genes in a stimulus-
dependent or -independent manner. This scenario is illustrated,
e.g., by the cooperation of mutp53 with NE-Y in positive regula-
tion of CCAT-box containing cell cycle genes upon DNA dam-
age,"” the functional interaction of mutp53 with the vitamin D
receptor (VDR) on its target genes after exposure of cells to vita-
min D," the SMAD-mediated antagonism between mutp53 and
p63 activity in regulation of metastasis-related, TGF-B-induced
genes,” the co-stimulation of the pro-angiogenic /D4 gene via
!¢ the binding of mutp53 to
promoters of mevalonate pathway genes at least partly by interac-
tion with SREBP transcription factors” and the promotion of
etoposide resistance via ETS2-dependent co-regulation of the
DNA repair related 7DP2 gene.'® A second scenario is based on
the capacity of mutp53 to interact with structured DNA, like
stem-loop structures” and non-B DNA structures formed by
trinucleotide [(CAG)-(CTG)] repeats.”” Along with the bind-
ing of mutp53 to intronic and intergenic sequences enriched in
repetitive DNA and prone to form non-B DNA structures, these
data led to a model that attributes mutp53 GOF to its ability
to modulate transcription on a global level via binding to struc-
tured DNA.? Both scenarios are complementary rather than
mutually exclusive; however, data that incorporate both aspects

mutp53-E2F1 protein complexes,

of transcriptional regulation by mutp53 into one model are still
insufficient.

Here we extended our previous observations by a large-scale
analysis of mutp53 binding sites coupled with global expression
profiling and analysis of the epigenetic status of mutp53 regu-
lated promoters. Our data led us to propose a role for mutp53
as a co-factor that is able to modulate transcription rates of a
multitude of active genes, thereby contributing to their transcrip-
tional plasticity. This mode of mutp53 action primarily is based
on DNA binding to G-rich sequences at active promoters.

Results

Mutp53 binds to G/C rich regulatory regions around promoters
of many genes. On the basis of a small set of mutp53 binding
sites, we previously proposed that mutp53 modulates transcrip-
tion on a global scale via direct binding to intronic and intergenic
sequences prone to form non-B DNA structures.”! To explore
binding of mutp53 to genomic DNA in more detail, we performed
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ChIP-chip experiments using a custom tiling array that covers a
total of 902 genes including putative mutp53 target genes derived
from knockdown and overexpression studies in our lab (unpub-
lished data) as well as several wtp53 target genes (Table S1). The
probes on the tiling array were designed to cover whole genes
including 1,500 nt upstream and downstream of transcriptional
start and stop sites. As we have previously observed a significant
binding of mutp53 to repetitive DNA,?! we anticipated a rela-
tively low sequence specificity and, consequently, high variabil-
ity of mutp53 binding to gene regions. Surprisingly, however, we
observed significant reproducibility of mutp53 binding in four
biological replicates, e.g., in the mutp53 target gene EGRI** (Fig.
1A).

For analysis of mutp53-DNA binding sites, we used the p
value-based peak calling function from CARPET?® and observed
significant enrichment of mutp53-bound regions (mutp53-BR)
within + 1 kb around transcription start sites (TSS) (Fig. 1B;
Table S2), demonstrating selectivity of mutp53 binding toward
TSS regions. The frequent association of mutp53-BR with TSS
coincides with a significant overlap with CpG islands (p value
raw = 8.46e-129) (Fig. S1A), e.g., 90% mutp53-BR (at p value
0.001) intersect with CpG islands (Table S2). In comparison,
3,540 out of 5,387 (ca. 66%) of Ensembl TSS that map to the
tiling array intersect with CpG islands in a window of + 496 bp
(corresponding to the median length of mutp53-BR at a p value
of 0.001). Thus, mutp53-BR are remarkably overrepresented
at CpG-associated TSS. Consequently, mutp53-BR feature, as
determined by EpiGRAPH analysis,?* a higher content of CpG
dinucleotides and significant enrichment for a “CCCC” pattern
compared with random regions on the tiling array (Fig. S1A).
Accordingly, using 30 nt as maximum motif width, we identified
by MEME-ChIP analysis of mutp53-BR predominant, 20-21 nt
long G-rich motifs (Fig. 1C), which are prone to form non-B
DNA conformations. In support, calculation of base-pair step
parameters by EpiGRAPH revealed that mutp53-BR exhibit
higher Roll and lower Twist values and higher values (p value raw
= 0) for the solvent accessible surface area (Fig. S1B), indicat-
ing significant structural differences between mutp53-bound and
random regions. Furthermore, comparison of mutp53-BR with
the coordinates of predicted G-quadruplex forming repeats from
non-B DB? revealed that 75% of mutp53-BR (at p value 0.001)
comprise G-quadruplex motifs (Table S2). In summary, by
ChIP-chip analysis on a tiling array we observed a high predispo-
sition of mutp53 for binding to TSS-associated G/C-rich regions,
which are prone to exist in a non-B DNA conformation, particu-
larly a G-quadruplex structure.

Mutp53 stabilizes G-quadruplex folding. To test directly the
binding of mutp53 to G-rich DNA in non-B DNA conforma-
tion, we performed EMSA using a 52-mer oligonucleotide (Pu52)
(Fig. 2A), which contains the purine-rich nuclease-hypersensi-
tive element (NHE) I, located upstream of the P1-promoter
of the human MYC gene.”® Upon addition of potassium ions,
this sequence forms an intramolecular G-quadruplex structure,
which runs faster than double-stranded (ds) Py52/Pu52 DNA in
polyacrylamide gel (Fig. S2A). In accordance with our ChIP-chip
and in silico data, we observed by EMSA a preferential binding
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Figure 1. Array-wide analysis of mutp53 binding sites. (A) Consensus signals for the whole genome and for chromosome 5 are shown. The EGR1 gene
is shown as an example of a known mutp53 target gene. The lower panel displays the detected peaks in the EGRT gene dependent on the selected

p value threshold during peak calling. CpG-islands, DNasel-HS regions and G4 motif locations extracted from the public databases are plotted. (B)
Distribution of mutp53-BR around TSS. The median length of mutp53-BR varied from 1270 bp to 990 bp. (C) Motifs overrepresented in mutp53 binding
regions (p value 0.001) identified by MEME-ChIP analysis.

of mutp53 proteins (G245S, R248W and R273H mutations) as  the specificity of the interaction of mutp53 with DNA folded into
well as of wtp53 to the quadruplex structure of the Pu52 oligo-  a quadruplex structure. In addition, significant binding of mutant
nucleotide (Fig. 2A), but not to dsDNA composed of annealed  p53 (R248W and R273H mutations) was detected by EMSA
Pu52 and Py52 oligonucleotides (Fig. 2B), thereby supporting  using another G-rich oligonucleotide (7ER7-Pu61) derived from
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Figure 2. Analysis of the interaction of mutant p53 proteins and of wtp53 with the MYC-PU52 quadruplex structure by EMSA and CD spectroscopy.
(A-C) Comparison of the binding affinity of mutant p53 and of wtp53 for the MYC-Pu52 intramolecular quadruplex structure (A), double-stranded (ds)
oligonucleotide (Py52/Pu52) (B) and p53CON ds sequence (C). Twenty-five, 50 and 100 ng of wtp53, G245S, R248W and R273H mutant p53 were incu-
bated under binding conditions (see M&M) with 3*P-radiolabeled DNA oligonucleotides and 30 ng competitor DNA. (D) CD spectra of the MYC-Pu52
oligonucleotide (0.5 M) in 5 mM TRIS-HCI, supplemented with 24 mM KCl, supplemented with mutp53R273H (3 wM) and 24 mM KCI. CD spectra were
recorded after 24 h when equilibrium was attained. The dotted line corresponds to the CD spectrum of mutp53 alone (0.5 wM). Strong absorption of

protein shifts measurement to shorter wavelength.

the human 7ERT promoter” (Fig. S2B). Compared with wtp53,
mutp53 proteins bind either weakly (G245S and R273H) or not
(R248W), to a p53 response element within a ds oligonucleotide
(P53CON)* (Fig. 2C). Hence, specific binding to structured
DNA, particularly to G-quadruplex DNA, is an inherent feature
of the p53 protein that is preserved in p53 mutants.

Next, we tested the influence of mutp53 on G-quadruplex
structure stability, which could be either promoted or destabi-
lized by interacting mutp33 protein. Figure 2D shows a CD
spectrum of the MYC-Pu52, measured in Tris buffer and sup-
plemented with potassium ions, which stabilize quadruplex for-
mation. The presence of a quadruplex structure is reflected in
the peak around 260 nm, where a parallel quadruplex displays

www.landesbioscience.com

a characteristic positive peak.”” A distinct increase of this peak
is observed upon addition of mutp53 (R273H) protein to the
solution. Binding of mutp53 (R273H) to the MYC-Pu52 was
verified by EMSA and western blotting directly after CD mea-
surement (Fig. $2C). Similarly to MYC-Pu52, a less prominent,
but reproducible increase in the CD signal around 260 nm was
detected for the TERT-Pu6l incubated with mutp53 (R273H)
protein (Fig. $2D), which forms slow-migrating complexes with
TERT-Pu6l, detectable by EMSA (Fig. S2E). In summary, the
results indicate that mutp53 not only binds to G-quadruplex
DNA, but also stabilizes quadruplex folding,.

Autonomous binding of mutp53 to G/C-rich genomic
DNA. The EMSA data support the notion that mutp53 can bind
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and ETSI within genes covered by our tiling
array. Applying the peak calling procedure used
before for mutp53 ChIP-chip samples, we iden- e 1S 463
tified ETS1 and SP1 binding regions, which,
compared with mutp53-BR, infrequently over- 80 20 16
lap with CpG islands and DNasel-HS regions
(Fig. 3A; Table S.2). Considering that the tiling B ol O
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genes, it is not surprising that ETSI- and SP1- Mean: 705bp Mean: 699bp
binding regions are less often located at TSS of Min.: 51bp Min.: 51bp
genes covered by the tiling array (Fig. S5A and SP1

Table S2). The specificity of ETS1 and SP1
ChIP is supported by motif analysis of ETSI-
and SP1-binding regions located at TSS. Using
10 nt as maximum motif length, we, by using

Median Peak sizes
mutp53: 994bp
ETS1: 749bp
SP1: 729bp

the MEME-ChIP sequence analysis tool,*
identified the GC-rich motifs typical for these

TFs (Fig. S5B). Direct comparison of binding
regions identified for mutp53, ETS1 and SP1
by our ChIP-chip studies revealed that only a
small fraction of mutp53-BR may also serve as

Figure 3. Array-wide analysis of mutp53, SP1 and ETS1 binding sites. (A) Distribution of the
scores calculated for the overlap of mutp53, ETST and SP1 binding regions with CpG-islands
and DNasel-HS regions. The distribution was used to identify a significance threshold,
where peaks with a score >= 20 are assumed to overlap significantly. (B) Venn-diagram
displaying the number of overlapping mutp53, ETST and SP1 binding regions.

binding sites for either ETS1 or SP1 or both
TFs (Fig. 3B). Furthermore, the longer median
length of mutp53-BR compared with that of ETSI and SP1 bind-
ing regions also argues for an independent interaction of mutp53
with DNA.

Taking into account that a recent study has shown signifi-
cant overlap of SP1 binding sites with G-quadruplex motifs and
in vitro binding to such a structure,”” we compared the occur-
rence of G4 motifs in SP1, ETS1 and mutp53 binding regions
identified in our experiments and in ChIP-Seq studies from the
ENCODE project.*** To adjust for potential experimental bias
that might obscure a binding preference to G4-motifs around
TSSs, we restricted the ETS1, SP1 and mutp53 binding peaks to
those located in a window of + 1 kb around T'SSs and calculated
the enrichment z-scores to quantify the overlap between bind-
ing peaks and G4 motifs. In our data set we observed higher
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scores for mutp53 binding peaks in comparison to the ETSI
and SP1 binding peaks, suggesting a more frequent and specific
binding of mutp53 in G4-rich regions (Fig. S5C). To emphasize
this observation, the enrichment z-scores were also calculated for
ETS1 and SP1 ChIP-Seq data derived from the ENCODE TF
Binding Supertrack (contains computed peaks from different cell
lines) and ENCODE/HAIB track (contains peaks from individ-
ual cell lines and replicates). This analysis revealed an even less
frequent binding of ET'S1 and SP1 to G4-motifs in three and five
cell lines, respectively, analyzed in the ENCODE/HAIB project
(Fig. $5C).

Alrogether, our data strongly support autonomous binding
of mutp53 to regulatory DNA sequences with high G/C con-
tent and provide evidence for preferential binding of mutp53 to
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Figure 4. Expression analysis in U251 cells after mutp53 depletion. (A) U251 cells were transfected with p53- and scr-siRNA in three biological
replicates and mutp53 protein was detected 96 h post-transfection by WB. HSC70 was used as a loading control. (B) Total RNA from three replicate
transfections with p53- and scr-siRNA was subjected to microarray gene expression analysis. The Venn diagram shows the number of probes regulated
in three experiments. (C) Transcript levels of GAST and HTR2A genes after mutp53-depletion were measured relative to the scr-control (scr1) in the
same samples that had been subjected to microarray analysis. (D) Transcript levels of GAST and HTR2A genes were measured in a time-course experi-
ment after mutp53-depletion until re-expression of mutp53 occurred (for WB, see Fig. S6B). (E and F) Transcript levels of GAST and HTR2A genes were
measured 96 h after mutp53 depletion in two additional experiments including mock transfections and a different scr-siRNA (scr2; E) as well as two
different p53-siRNAs (s606, s607) (F). WB analysis of mutp53 expression in transfected cells is shown below the graphs. Tubulin was used as a loading

G4-motif-enriched regions around TSSs. Owing to such DNA
binding properties, we assume that mutp53 has the potential to
influence transcription of a large number of genes.

Transient depletion of mutp53 influences transcription of
multiple genes. To elucidate the role of mutp53 in the regula-
tion of gene transcription, we transiently depleted mutp53 via
siRNA. We observed a high metabolic stability of the mutp53
protein in U251 cells, as the amount of mRNA is already reduced
~10-fold 48 h after transfection (Fig. S6A), while the protein
level starts to decrease only 48 h post-transfection, reaching a >
10-fold reduction at 72-96 h after transfection (Fig. S6B, upper
panel). The mutp53 level is completely restored around 216 h
post-transfection (Fig. S6B, lower panel). Transient depletion of
mutp53 resulted in a slightly decelerated growth of p53-siRNA
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transfected cells as compared with control cells treated with
scrambled siRNA (Fig. S6C). The cell growth advantage con-
ferred by mutp53 is even more pronounced upon stable depletion.
On an example of a cell clone derived from the U251 cells stably
transfected with p53-specific shRNA,* we observed significant
decrease in soft agar cloning efficiency (Fig. S6D) and propaga-
tion of neurospheres (Fig. SGE). As both assays are widely used to
assess the cancer stem-like properties of tumor cells, we conclude
that the long-term effect of mutp53 depletion is a reduction of the
tumorigenic properties in U251 cell line.

For microarray gene expression analysis, U251 cells were trans-
fected either with p53-specific (sip53) or control siRNA (scr) and
harvested 96 h post-transfection, where mutp53 depletion was at
its maximum and had been effective for at least 24 h (Fig. 4A).
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Bioinformatic analysis of microarray data from three independent
transfection experiments with a cut-off of SLR (signal-log-ratio)
= 0.8 yielded 4,737 probes corresponding to 3,679 differentially
regulated genes (“compound list,” Table 83) upon mutp53 deple-
tion, with an overlap of 241 (35 UP and 206 DOWN) probes
representing 209 genes regulated in common (Fig. 4B). The total
number of regulated genes per experiment correlated with the
effectiveness of mutp53 depletion; the degree of regulation was,
with a few exceptions, usually moderate. Furthermore, only active
genes were regulated, as these genes were transcribed before and
after mutp53 depletion. Interestingly, PPARGCIA and FRMDS,
two genes we have previously described as mutp53 target genes
in U251-derived cell clones with stable mutp53 reduction?! were
only slightly regulated 96 h after transient mutp53 depletion
(1.92- and 1.55-fold respectively, Fig. S6F), indicating varying
kinetics of transcriptional regulation after mutp53 depletion.

To correlate changes in gene expression with mutp53 binding,
we compared the list of genes regulated after mutp53-depletion
with mutp53-BR (p value 0.001) derived from ChIP-chip experi-
ments. Out of 634 genes containing a mutp53-BR close to their
TSS, only 165 genes were differentially regulated in at least one
siRNA experiment (“compound list”). The finding that a large
number of genes with mutp53-BR close to their TSS are not reg-
ulated upon mutp53-depletion, as well as the small fraction of
genes commonly regulated in three siRNA experiments (n = 209)
and varying kinetics for different genes, indicate that the tran-
scriptional response after mutp53 depletion displays an inherent
plasticity. We conclude from these results that mutp53 is not the
sole determinant of transcriptional changes, but rather acts as a
co-factor in a framework determined by additional stimuli and
the physiological context.

Validation of putative mutp53 target genes. In contrast to
deterministic regulation of a defined set of target genes by clas-
sical transcription factors, data on the transcriptional regulation
by mutp53 point toward a cell, and context-specific impact of
mutp53 on transcription.” Therefore, mutp53-regulated candi-
date genes must be unambiguously validated in the experimental
system analyzed before addressing the mechanism(s) underlying
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transcriptional regulation by mutp53. We performed a series of
rigorous validation experiments, including mutp53 knockdown
with three different p53-specific siRNAs, two scrambled con-
trols as well as mock transfected samples and selected GASI and
HTR2A as models genes that were consistently and most strongly
regulated in all validation experiments (Fig. 4C—F).

In a time-course experiment, where siRNA-transfected cells
were kept in a culture until mutp53 was re-expressed, regula-
tion of GASI and HTR2A genes strictly correlated with mutp53
protein levels (Fig. S6B). One hundred and twenty hours post-
transfection, when mutp53 protein levels are strongly reduced,
the genes were still significantly upregulated. But around 216
h post-transfection, when mutp53 protein reached its normal
level again, transcription of GASI and HTR2A returned to the
levels observed in control siRNA transfected cells (Fig. 4D).
Upregulation of GASI and HTR2A could also be observed upon
transfection with a different control siRNA (Fig. 4E) and two
commercially available, validated siRNAs (Fig. 4F), and again
correlated with the reduction efficiency of mutp53 as observed
by western blotting (Fig. 4F). As outlined above, cell context
plays an important role in the regulation of genes by mutp53, as
genes consistently regulated in U251 cells (e.g., GASI, HTR2A,
PMEPAI and BDKRBI) showed no mutp53-dependent changes
in transcription in two other tumor cell lines, HT29 and
MDA-MB-468, that express mutp53 (R273H) (Fig. S7).

Taken together, we identified GASI and HTR2A as genes reg-
ulated concomitantly with mutp53 levels in U251 cells, thereby
qualifying these genes for further analysis regarding the underly-
ing mechanism(s) of transcriptional regulation by mutp53.

Mutp53 regulates genes at the transcriptional level. The
transcript levels of genes can either be regulated by modulating
their transcription or by changes in mRNA stability. We first
checked whether upregulation of GASI and HTR2A genes upon
mutp53 depletion results from altered mRNA stability. U251
cells were transfected with control and p53-specific siRNAs, and
mRNA stability was assessed after actinomycin D (ActD) treat-
ment at the time of maximal mutp53 depletion (96 h after trans-
fection) (Fig. 5A). Transcript levels of GASI and HTR2A genes
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were measured every 30 min for 6 h after ActD treatment and
the half-life of the transcripts was calculated (Fig. 5B). In case of
the GASI gene, the observed half-life of 2.49 h matches a half-life
of -2 h that has been measured in mouse cells.*® No significant
increase in mRNA stability that could account for a 4—12-fold
upregulation was observed for GASI and HTR2A genes, strongly
arguing for transcriptional regulation of both genes.

Mutp53 regulates active genes. Transcription of genes can be
controlled by selective binding of transcription factors, recruit-
ment of the basal transcription machinery and co-factors, regula-
tion of RNA polymerase II (Pol II) initiation and elongation as
well as by epigenetic mechanisms like histone modifications and
chromatin accessibility. In selecting the levels of transcriptional
control to be tested, we considered that the transcripts of most
genes regulated by p53 siRNA in U251 cells, including GASI and
HTR2A genes, were readily detectable in mutp53-depleted and
control-transfected U251 cells, indicating that their promoters
were already active before depletion of mutp53. Therefore, rever-
sion from a stably silenced gene status is rather unlikely to play a
role in the upregulation of GASI and HTR2A genes by mutp53
depletion, and we thus excluded an analysis of Polycomb complex
binding, heterochromatin marks and DNA methylation. Instead
we focused on changes in active histone marks, H3K4me3 and
H3K9ac, and Pol II recruitment and processivity. H3K4me3 and
H3K9ac are found to be enriched in active promoter regions,?”*
and the phosphorylation of serine 5 (S5-P) and serine 2 (S2-P)
in the CTD of Pol II has been described to define initiated and
elongating Pol II complexes, respectively.>4

U251 cells were transfected with control and p53-siRNAs,
and 96 h later, cells were subjected to ChIP and analyzed on
our custom tiling array to obtain a map of histone marks and
Pol II S5-P/S2-P distribution (see data in Table S4). In total,
69% and 65% of all genes covered by the array, and 83% and
76% TSS-associated mutp53-BR, carry H3K4me3 and H3K9ac
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around TSSs (+ 2 kb) in U251 cells. In general, comparing con-
trol and p53 siRNA-treated cells, we observed slight differences
in the occurrence of H3K4me3 and H3K9ac in the vicinity of
mutp53-BR after mutp53 depletion across the array (Fig. 6): a
slight decrease of H3K4me3 at the flanks of mutp53-BR and a
slight decrease of H3K9ac within mutp53-BRs. These global
changes correlate with the prevailing downregulation of genes
as a consequence of mutp53 depletion. On the other hand, an
increase in Pol IT S5-P/S2-P within mutp53-BRs can be observed
in mutp53-depleted cells in comparison to control cells (Fig. 6),
which correlates with increased transcription of some genes
including GASI and HTR2A. The signal drop in the center of
the bimodal-like distribution patterns for the histone modifica-
tions, and Pol IT S5-P/S2-P (Fig. 6) indicates that a significant
portion of mutp53-BR only partially overlaps with H3K4me3/
H3K9ac regions and sites occupied by initiating and elongating
RNA Pol II.

Focusing on the GASI and HTR2A genes, we detected a
high incidence of H3K4me3 in the GAS! (Fig. 7A) and HTR2A
(Fig. 7B) genes with a peak around the TSS, marking both pro-
moters as active. For the GASI gene, there is also a strong signal
in the 3-UTR, while the translated region of the gene is nearly
devoid of H3K4me3. In the HTR2A gene, the H3K4me3 signal
is restricted to an area stretching from the promoter to exon 3. A
slight extension of the H3K4me3 signal upon mutp53 depletion
can be observed in the HTR2A gene and in the 3-UTR of the
GASI gene, where it is accompanied by increased signal strength.
Distribution of H3K9ac in the GASI gene reflects H3K4me3 dis-
tribution. For the HTR2A gene, a tendency for higher H3K9ac
signals in mutp53-depleted cells can be observed. Taken together,
the profiles for active histone marks H3K4me3 and H3K9ac cor-
relate with an elevated transcription of the GASI and HTR24
genes upon mutp53 depletion, as they show a broadening and/
or increase in signal intensity when transcription increases. The
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ChIP-chip profiles for Pol IT S2-P and S5-P show a much more
pronounced effect upon mutp53 depletion. Both signals for Pol
IT S2-P and S5-P are significantly increased (2—-4 fold) in the
promoter regions of GASI and HTR2A genes and also in the
GASI 3'-UTR, indicating a strong increase in initiated and also
elongating Pol II complexes on the GASI and HTR2A genes. In
total, 48 mutp53-BR (10.7% of 449 mutp53-BR associated with
TSS) show either the appearance of Pol II S2-P-covered regions
around the mutp53-BR, or expansion of the existing Pol II S2-P
regions upon mutp53 depletion, indicating a repressive function
of mutp53 at the elongation step in these genes.

To validate the ChIP-chip results, we used qPCR, employing
primers that map to the enriched areas observed in the promoter
regions of the GASI and HTR2A genes. The same samples that
had been used for the ChIP-chip experiments, and an additional
replicate sample, were subjected directly to qPCR analysis with-
out WGA pre-amplification. Furthermore, samples from ChIP
experiments using an antibody against Pol II were included to
assess total Pol II occupancy. By qPCR we could confirm the
ChIP-chip data for both the GASI (Fig. 7C) and HTR2A (Fig.
7D) genes and extend their significance. While there was no dif-
ference between mutp53 depleted and control cells in the level
of H3K4me3 at both, GASI and HTR2A genes, in the case of
H3K9ac, owing to the higher sensitivity of qPCR compared with
tiling array hybridization, a 2-3-fold increase at the GASI and
HTR2A promoters can be observed upon mutp53 depletion,
which correlates with increased transcription. Accordingly, Pol
IT occupancy is also increased 2—4-fold and is accompanied by
a ~3-fold increase in Pol II S5-P/S2-P that indicates enhanced
initiation and elongation. In another control experiment, we vali-
dated mutp53 binding within the GASI and HTR2A genes and
confirmed the ChIP-chip data (Fig. S8).

In summary, the analysis of the transcriptional status of
mutp53-regulated genes demonstrates that mutp53 generally
modulates transcription from active promoters. An increase in
the activating histone mark H3K9ac, connected to transcription
initiation as well as increased recruitment and processivity of Pol
I1, can be detected. These results indicate that mutp53 has the
ability to participate in several regulatory steps of active tran-
scription by either interfering with early or superior events or by
modulating each single step.

Discussion

Oncogenic functions of mutant p53 proteins and their underlying
molecular basis have been the subject of extensive research over
the past decade, and transcriptional regulation of target genes has
been established as an important aspect of mutp53 activity.”® The
current focus is on the search for co-operative interactions with
sequence-specific TFs that recruit mutp53 to their target genes.
In this scenario, DNA binding by mutp53 could potentially
influence the dynamics of the transcription machinery on a tar-
get promoter, but is not necessarily essential for mutp53 function.
Accordingly, the function of mutp53 would be restricted to the
modulation (enhancement or repression) of transcription initi-
ated and exerted by sequence-specific TFs that are able to interact

www.landesbioscience.com

Cell Cycle

with mutp53. As a consequence, mutp53 should regulate a set of
target genes that is shared between different cellular contexts and
is determined by these interaction partners of mutp53. However,
evidence for the universality of mutp53 target genes across differ-
ent experimental systems so far is missing,” and we here show that
some genes consistently regulated in U251 cells are not regulated
by the same mutp53 (R273H mutation) in other human tumor
cell lines. Therefore, we believe that the range of mutp53 tran-
scriptional modulation must be expanded. In this regard, direct
binding of mutp53 to DNA might provide an additional means,
as it could be critical for the selection of target genes.

Using a custom tiling array, we identified in U251 cells a
significant number of reproducible mutp53 binding regions fre-
quently located close to TSSs and overlapping with DNasel-HS
regions and CpG-islands. Notably, a number of promoters that
were reported to be regulated by bound mutp53 in other stud-
ies also overlap with CpG islands, e.g., MYC,* [D2% ID4,°
TWISTI1’ EGRI,”» MAP2K3,” target genes of the transcription
factors VDR (CYP24AI1)' and NE-Y (CCNA1, CCNB2, CDK1,
CDC25C),” genes containing sterol regulatory elements in their
promoters (CYP51AI, FDPS, FDFT1, HMGCR, HMGCSI,
MVK, SQLE)Y and the TDP2 gene.' G/C-rich DNA stretches
are of particular interest regarding gene regulation. They are not
only subjected to epigenetic control via cytosine methylation, but
under favorable conditions (e.g., superhelical tension and stabi-
lization by bound proteins), are also prone to form left-handed
(2), triplex (H), cruciform and G-quadruplex structures, which
have been implied in transcriptional regulation.** Although the
existence and accessibility of these predicted non-B DNA struc-
tures in the context of chromatin are not yet sufficiently explored,
G-quadruplex-forming sequences are overrepresented in gene-
promoter regions,” especially of proto-oncogenes including the
MYC gene.”® Consequently, our findings that G4 motifs are
enriched in mutp53R273H-binding sites, combined with signifi-
cant binding of three p53 mutants to G-quadruplex structures in
vitro (a property shared by wtp53) and promotion of G4-folding
by mutp53, provide a basis for the regulation of a large set of can-
cer-relevant genes. At this point it is tempting to speculate that a
decline in the histone modifications and Pol I S2-P/S5-P profiles
within some mutp53 binding sites (Fig. 6) might point toward
binding of mutp53 to accessible DNA stretches that can adopt
non-B DNA conformation. Our EMSA and CD spectroscopy
data support direct binding of mutp53 and stabilization of the
proposed G-quadruplex structures. However, further studies are
needed to elucidate the mode of mutp53 binding to structured
G/C-rich DNA of active genes, particularly in a chromatin set-
ting and for different classes of mutants (i.e., contact mutations
vs. conformation and protein structure destabilizing mutations).

In previous studies, we have established the important role of
DNA structure for wtp53 and mutp53 DNA binding and pro-
posed that retention of this feature in mutp53 serves as a means to
modulate transcription.””¥ In this scenario, DNA structure-spe-
cific binding preserved from wtp53, combined with stabilization
of the mutp53 protein and high-expression level, are drivers for
different outcomes despite a common binding feature, ultimately
resulting in mutp53 GOF. Whether this mode of action based on
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DNA structure recognition, especially G-quadruplexes, is a com-
mon feature of different p53 mutants, remains to be determined.
It is possible that the capacity for structure-dependent interac-
tions with DNA will vary for different p53 mutants depending
on the degree of protein structure alterations. As a result, the
mechanism of mutp53 GOF might be different depending on
the mutation, and different mutp53 species may need coopera-
tion with other regulators to achieve tumor-promoting effects. It
would be interesting to determine in future studies whether there
is a correlation between the degree of protein structure disruption
and a decreasing capacity to bind structured DNA coupled with
an increasing need for protein-protein interactions for the GOF
of different p53 mutants.

Addressing the mechanistic basis of transcriptional regula-
tion by mutp53R273H, we observed a significant transcriptional
response upon mutp53 depletion that is characterized by consid-
erable variability regarding the pattern of regulated genes. Only a
fraction of the genes with mutp53 binding sites close to their TSS
were regulated upon transient mutp53 depletion, indicating that
mutp53-binding is a prerequisite rather than the cause for subse-
quent modulation of transcription. Furthermore, the effects seem
to be cell type-specific, as several validated target genes were not
regulated upon mutp53 depletion in two other cell lines carrying
the same R273H mutation. Consequently, mutp53R273H does
not act as a classical deterministic transcription factor, but rather
functions as a co-factor that has the potential to regulate a large
number of genes on the basis of numerous binding sites. However,
the decision, whether transcription from a certain promoter is
modulated, seems to depend on cell context and given stimuli.
This notion is well in line with several recent publications on
transcriptional regulation by mutp53. First, different p53 hotspot
mutants seem to create comparable transcription signatures in
the same cellular system, as has been shown for mutp53 ectopi-
cally expressed in p53-null H1299 cells,*s°

52-54

prostate cancer cells™
as well as in breast cancer,”>* which strongly argues for cell type
specificity. Second, several effects of mutp53 on transcription of
target genes of the transcription factors NF-Y, VDR and NF-kB,
seem to require specific stimuli, like DNA damage, vitamin D or
TNF-a treatment, respectively.'>!*>°

The fact that 83% of mutp53-bound promoters in U251
cells carry H3K4me3 indicates an active chromatin status of
genes potentially regulated by mutp53. A detailed analysis of
the mutp53-regulated genes GASI and HTR2A, as well as fur-
ther genes containing reproducible mutp53 binding sites around
their TSS, revealed alterations in active histone marks as well as
RNA Pol II occupancy and processivity upon mutp53 depletion.
These results indicate that mutp53 almost exclusively modulates
ongoing transcription, illustrating that it acts on a higher level
of regulation by either affecting early steps of transcription or by
impinging on multiple steps of transcriptional regulation. The
molecular basis for this effect could be modulation of the activity
of promoter-bound factors, as well as recruitment or exclusion of
additional factors, or a combination of all three scenarios, result-
ing in alteration of the transcriptional program.

It is widely accepted that recruitment of mutp53 to promot-
ers of regulated genes through protein-protein interactions is an
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important mode of mutp53 function. However, analyzing two
TFs,SP1and ETS1, known to bind G/C-rich consensus motifs, we
did not find significant overlap of the respective binding sites and
detected only weak interactions with mutp53R273H. Therefore,
our results rather argue for at least SP1- and ETS1-independent
binding of mutp53 to G/C-rich DNA in U251 cells. Low overlap
of SP1 binding sites with CpG islands and G-quadruplex motifs
in our study compared with an in silico analysis of a ChIP-chip
data set®® could result from our p53-specific array design, but
could also be attributed to the special biological setting in U251
cells. Mutp53 is expressed at very high levels and might replace
SP1 during competition for G-quadruplex structures. The study
by Raiber et al.® is based on ChIP-chip data derived from colon
cancer and leukemia patients,’® but there is no information regard-
ing p53 mutation status of these patients. It would be interesting
to correlate the occurrence of p53 missense mutations in these
tumor patients with the possible impact of mutp53 on SP1 bind-
ing to G-quadruplex structures. Considering the fact that SP1 is
a ubiquitous TF, a competition with or even partly exclusion of
SP1 from regulatory sequences could have a profound effect on
a cell’s transcriptome and might provide a basis for large-scale
modulation of transcription by mutp53. Differences in the preva-
lent transcriptome resulting from different biological background
(i.e., glioblastoma, colon cancer and leukemia) would very likely
create context-dependent effects. Importantly, however, autono-
mous DNA binding of mutp53 and the co-recruitment model are
not mutually exclusive, and direct binding of mutp53 to struc-
tured DNA, added to the well-established modulation of tran-
scription via interaction with other TFs, would provide a basis
for the large biological spectrum of cancer settings where mutp53
GOF is observed. Interestingly, the SP1 ChIP-chip study®® dem-
onstrates that TF binding correlates with resistance to de novo
methylation in cancer cells. It is tempting to speculate that in
our experimental system, mutp53R273H might exert a similar
effect, which is supported by the observations that mutp53 bind-
ing strongly correlates with active chromatin marks (H3K9ac,
H3K4me3) and that the majority of genes is downregulated upon
mutp53 depletion.

Considering the large number of potential binding sites (e.g.,
G4 motifs within CpG-islands), mutp53 has the potential to
contribute to the regulation of cell type/stimulus-specific tran-
scription on a global scale as an epigenetic factor, supporting
changes of the transcriptional program. Indeed, mutp53 con-
tributes to induction of EMT over several passages by alleviation
of the epigenetic repression of TWIST1, a master regulator of
EMT. Furthermore, mutp53 strongly enhances reprogramming
efficiency and can replace one of the classical reprogramming fac-
tors, but the resulting cells are highly tumorigenic.”” The “epi-
genetic alteration of transcription” by mutp53 would very likely
be intrinsically stochastic due to slight differences in the tran-
scriptional status of single cells. In fact, the observed variability
in the gene expression pattern observed upon mutp53 depletion
supports such a stochastic model for gene regulation by mutp53.
Taking into account that DNA binding by mutp53 is non-selec-
tive and dynamic, the process of gradual mutp53 depletion by
siRNA will lead to a gradual loss of mutp53 from its binding
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sites, accompanied by chromatin rearrangements on a global
scale. Such rearrangements are likely to occur in a stochastic
rather than a deterministic manner and will change the bind-
ing patterns of the residual mutp53, with concomitant stochas-
tic alterations in the gene expression pattern, which, in the end,
manifests in the observed heterogeneity in the transcriptional
response upon mutp53 depletion.

The mutp53-supported transcriptional plasticity would give
rise to multiple phenotypes from the same genotype and confer
a considerable selective advantage to a tumor cell population by
greatly enhancing adaprability. Indirect evidence for this model
comes from our gene expression analysis of cells with transient
depletion of mutp53. When comparing expression levels in
mutp53-depleted cells and in control transfected cells to an inter-
nal reference value, the deviation in mutp53-depleted samples
is smaller than in control samples (Fig. S§9). This observation
indicates that under our experimental conditions (lipophilic
transfection of siRNA), depletion of mutp53 globally reduces the
range of transcriptional variability. Based on this, we suggest a
model that links mutp53 function to the maintenance of a het-
erogeneous transcriptional output. As a transcriptional co-factor,
mutp53 contributes to multiple phenotypic states that are con-
strained by the differentiation program. In the case of U251 cells,
the differentiation program is epigenetically inherited from the
glioma-initiating cells, presumably from aberrant neural stem/
progenitor cells.’® By non-selective, preferential binding to G/C-
rich sequences around TSS of active genes, mutp53 can help to
keep them in an open, transcriptionally competent state, which
may vary from a poised state to a steadily active state, thereby
creating the tissue-specific phenotypic profile. Should the expres-
sion and activity of mutp53 be downregulated at the transcrip-
tional and/or post-transcriptional level or impeded by interacting
proteins, this would allow the drift of the tumor cell population
along the differentiation program.

In summary, performing an integrative analysis on a model
cell line, we conclude that an important aspect of mutp53 GOF
is based on its direct binding to regulatory regions of active genes,
where mutp53 contributes to the plasticity of the transcriptional
output as well as to transcriptional competence of genes, and
simultaneously maintains the phenotypic variability of tumor
cells.

Materials and Methods

Cell culture. The human glioblastoma cell line U251 was a
kind gift from Dr. Kazuo Washiyama (Brain Research Institute,
Niigata University). Mutation (R273H) in the 7P53 gene has
been confirmed by sequencing of PCR-amplified p53 cDNA.
The cells were maintained in Dulbecco’s modified Eagle medium
(DMEM) (Invitrogen) supplemented with 10% fetal calf serum
(FCS; PAA Laboratories GmbH) in a humid atmosphere con-
taining 5% CO,. Generation of the mutp53-depleted U251 clone
sh10 has been described elsewhere.?! To analyze RNA stability,
transcription was blocked by addition of actinomycin D (Sigma-
Aldrich) to a final concentration of 1 pwg/ml to the culture
medium and samples for RNA preparation were collected over
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6 h. Procedures for siRNA transfection, neurosphere culture and
agar cloning are described in Supplemental Methods.

ChIP-chip on a custom tiling array. Cells were cultured in
15-cm diameter tissue culture dishes. At 80% confluence, cells
were washed with warm PBS (pH 7.4) and were either treated
directly with DMEM supplemented with 1% formaldehyde
(Sigma-Aldrich) for 10 min at room temperature or subjected
to a nuclear extraction procedure (see Supplemental Methods)
to remove the cytosolic fraction before crosslinking. Procedures
for chromatin immunoprecipitation (ChIP) are described in
Supplemental Methods. Input and ChIP samples were ampli-
fied using the GenomePlex Whole Genome Amplification Kit
(Sigma). Ten nanograms of input DNA and 10 pl of the ChIP
samples were used for WGA performed according to the manu-
facturer’s instructions. For some ChIP samples, two rounds of
amplification were necessary. After amplification, samples were
purified by phenol-chloroform-isoamylalcohol (25:24:1; Biomol
GmbH), extraction with subsequent precipitation with ethanol
in the presence of NaCl (200 mM final concentration) and 20
ng glycogen (Roche), washed with 70% ethanol, air-dried and
dissolved in water.

The Nimblegen custom 135K tiling array was designed to
cover 1894 genomic intervals (Table S1) that comprise 902 cod-
ing and non-coding genes/regions and 1,040 non-coding regions
in a length of 1 kb (for use in other p53-related projects). Eight
hundred and twelve tiling intervals cover single genes; 36 tiling
intervals cover two genes, and six tiling intervals cover three genes.
Gene coordinates (GRCh37: Genome Reference Consortium
Human genome built 37), including flanking regions in a length
of 1,500 bp, were retrieved from Biomart (www.ensembl.org/
biomart/martview). The gene list for the array (Table S1) was
compiled from the pilot gene expression experiments performed
to identify genes that are regulated dependent on mutp53 and
wtp53 expression in U251 (endogenous mutp53-R273H expres-
sion) and H1299 (ectopic mutp53-R273H, mutp53-G245S and
wtp53 expression) cell lines. Fabrication of 50-mer oligonucle-
otide arrays, DNA labeling, hybridization and image data pro-
cessing was completed by Source BioScience imaGenes GmbH.
Procedures for bioinformatic analysis of ChIP-chip data are
described in Supplemental Methods.

ChIP-qPCR. PCR-based analysis of ChIP DNA was per-
formed on an ABI 7900HT Fast thermal cycler (Applied
Biosystems) in a standard program (10 min 95°C; 15 sec
95°C, 1 min 60°C; 40 cycles) using the Power SYBR Green
PCR Master Mix (Applied Biosystems). Amplicons to measure
mutp53 binding, histone modifications, Pol II, Pol II S5-P-
and Pol II S2-P occupancy were selected in the respective peak
regions determined by prior ChIP-chip experiments, and prim-
ers (Table S5) were designed using the Primer3 web tool. Input
samples were diluted 1:10, IP samples 1:2 and run in duplicates.
Quantification was performed with the help of a standard curve
and results were calculated as percent recovery of input DNA.
For mutp53 binding site validation, samples were run in tripli-
cates and values from three mutp53-ChIPs were calculated as
fold change over background by normalization to the B-globin
gene (HBB).
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Gene expression microarray analysis. Microarray hybridiza-
tion was performed on Agilent-014850 Whole Human Genome
Microarray 4x44K G4112F chips. Total RNA was treated
with RNase-free DNase I (Qiagen) and purified. The qual-
ity and integrity of the total RNA was evaluated with the 2100
Bioanalyzer (Agilent Technologies). Further sample handling,
labeling, hybridization on one channel arrays and data extrac-
tion was done by Source BioScience imaGenes GmbH. Raw
gene expression signals were processed using the ComBat script
for R statistical platform (ver. 2.11.00)* to remove batch effects
observed in the data. For further analysis, the calculated expres-
sion values were restricted to those genes with a valid sequence
mapping status defined by a manually revised platform anno-
tation. Redundant expression values of genes with multiple
probes on the array were collapsed by mean value calculation,
and a threshold expression value of 1 was set preceding log2
transformation.

To detect genes differentially expressed in response to p53-
siRNA treatment, samples were compared with their matched
scr-siRNA-treated control samples. Genes were assumed poten-
tially regulated if the expression value of either of the two samples
compared exceeded a value of 1og2(100) and the absolute signal-
log-ratio (SLR) was above 0.8 (Table S3). Statistical calculation
and plotting of the Venn diagrams was done using R statistical
platform (www.R-project.org/).

To visualize the global changes induced by mutp53 depletion,
the scr- and p53-siRNA-treated samples were compared with an
internal reference. This artificial reference sample was generated

by calculating a robust Tukey’s biweight value for every gene over
all six siRNA treated samples plus the non-transfected U251 sam-
ple. Genes were assumed potentially regulated if the expression
value of either of the two samples compared exceeded a value of
log2(100) and the SLR was above 1.

Additional methods. Procedures for quantitative real-time
PCR, immunofluorescence microscopy, co-immunoprecipita-
tion, immunoblotting, DNA binding assays and CD spectros-
copy are described in Supplemental Methods.

Accession Numbers. The raw ChIP-chip and gene expres-
sion data used in our work have been made available in the GEO
repository with accession number GSE35500.
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